Nonstop mRNA decay, a specific mRNA surveillance pathway, rapidly degrades transcripts that lack in-frame stop codons. The cytoplasmic exosome, a complex of 3'-5' exoribonucleases involved in RNA degradation and processing events, degrades nonstop transcripts. To further understand how nonstop mRNAs are recognized and degraded, we performed a genome wide screen for nonessential genes that are required for nonstop mRNA decay. We identified 16 genes that affect the expression of two different nonstop reporters. Most of these genes affected the stability of a nonstop mRNA reporter.
INTRODUCTION
Messenger RNA turnover is an important process that many organisms use to control gene expression. In many instances, changes in mRNA decay rates modulate gene expression in response to a variety of signals. Short-lived mRNAs also allow rapid adjustments to steady state RNA levels after up-or down-regulation of transcription.
Studies using the budding yeast Saccharomyces cerevisiae as a model system have identified two general pathways that degrade mRNAs. These two pathways are conserved in most, if not all, eukaryotes. Normally, the major deadenylase, Ccr4p, gradually removes the poly(A) tail and initiates mRNA degradation (MUHLRAD and PARKER 1992; SHYU et al. 1991; TUCKER et al. 2001) . This triggers two deadenylationdependent decay pathways. One pathway involves removal of the 5'-cap (decapping) by Dcp1p and Dcp2p (BEELMAN et al. 1996; DECKER and PARKER 1993; DUNCKLEY and PARKER 1999; HSU and STEVENS 1993; MUHLRAD et al. 1995; STEIGER et al. 2003) .
Decapping the transcript allows its degradation from the 5'-end by Xrn1p, a 5'-3' exoribonuclease (HSU and STEVENS 1993; LARIMER et al. 1992; MUHLRAD and PARKER 1994) . In the second pathway, the transcript body is degraded from the 3'-end by a 3'-5' exoribonucleases complex -the exosome (JACOBS ANDERSON and PARKER 1998; MUHLRAD et al. 1995) . Although all mRNAs appear to be degraded by these two pathways, the rate at which individual steps occur can vary widely depending on the mRNA. However, it is currently not known what mechanisms target this basal degradation machinery preferentially to some mRNAs.
In addition to affecting the expression of normal cellular genes, mRNA turnover also is important as a quality control mechanism to maintain the overall fidelity of gene expression. Eukaryotes have evolved intricate mechanisms for gene expression. These intricacies not only introduce potential points of gene regulation, but also potential errors in the form of aberrant mRNAs. While many mechanisms exist to ensure high fidelity of gene expression, errors can occur that lead to aberrant mRNAs. Hence, specialized mRNA turnover pathways, termed mRNA surveillance, degrade these aberrant mRNAs.
mRNA surveillance prevents accumulation of aberrant, dominant negative, or truncated proteins that may cause harmful effects (PULAK and ANDERSON 1993) .
Interestingly, the same enzymes degrade normal and aberrant transcripts.
Transcripts containing premature stop codons, retained introns, or extended 3'-UTRs are all targets for the nonsense-mediated decay pathway (HE et al. 1993; MUHLRAD and PARKER 1994; MUHLRAD and PARKER 1999; ZARET and SHERMAN 1984) . Rapid degradation of nonsense transcripts bypasses deadenylation and instead triggers rapid decapping (MUHLRAD and PARKER 1994) . Similarly, the exosome, independent of prior deadenylation, degrades transcripts that lack all in-frame termination codons--nonstop transcripts ; VAN HOOF et al. 2002) . Thus, understanding the molecular mechanisms that are responsible for the rapid decay of aberrant transcripts may provide insight into how the mRNA decay machinery targets some mRNAs preferentially.
Nonstop mRNAs arise in various ways. One source is premature polyadenylation due to inaccurate 3'-end processing events or cryptic polyadenylation signals within the coding region of the transcript MAYER and DIECKMANN 1991; SPARKS and DIECKMANN 1998) . Mutations or errors in transcription that cause a change in the normal stop codon are other mechanisms that produce nonstop transcripts.
It is estimated that ~30% of all human disease alleles generate a nonsense transcript (FRISCHMEYER and DIETZ 1999) . While alleles encoding nonstop transcripts have not been studied in similar detail, generation of a nonstop transcript can indeed result in disease. Mutation of the stop codon in the human adenine phosphoribosyltransferase (APRT) gene leads to 2,8-dihydroxyadenine urolithiasis (TANIGUCHI et al. 1998) . Similarly, mutation in the normal stop codon of a G-protein coupled receptor gene that regulates puberty (GPR54) causes hypogonadotrophic hypogonadism and sterility in affected individuals (SEMINARA et al. 2003) . In both cases the nonstop mutation leads to reduced levels of the nonstop mRNA and the encoded protein. Importantly, in hypogonadotrophic hypogonadism, overexpression of the nonstop GPR54 transcript can produce a functional protein. This observation suggests that partial inhibition of the nonstop mRNA decay machinery in these patients may prove to be beneficial.
In the current model for nonstop mRNA decay, the ribosome continues translation to the end of the poly(A) tail of nonstop transcripts ( VAN HOOF et al. 2002) . Upon reaching the end of the transcript, the ribosome stalls. This stalled ribosome is thought to be recognized by the C-terminal domain of the Ski7p. This hypothesis is based on the similarity of this domain to eEF1A and eRF3, which are known to interact with the ribosome during translation elongation and termination respectively (BENARD et al. 1999 ; VAN HOOF et al. 2002) . Consistent with this hypothesis, this C-terminal domain is necessary for nonstop mRNA decay, but not for other exosome functions ( . In contrast, the N-terminal domain of Ski7p not only physically interacts with the exosome, but also with a complex of Ski2p, Ski3p and Ski8p (ARAKI et al. 2001 ).
This interaction is thought to recruit the exosome to the nonstop mRNA-ribosome complex, resulting in degradation of the nonstop mRNA ( VAN HOOF et al. 2002) .
Recently, it has been shown that proteins encoded by several nonstop reporters fail to accumulate, which cannot be fully explained by nonstop mRNA degradation (INADA and AIBA 2005; ITO-HARASHIMA et al. 2007 ). This suggests that additional mechanisms exist by which nonstop mRNAs are down regulated. To address the possibility that there may be additional factors required for exosome-mediated nonstop mRNA degradation and to identify factors required for any other aspects of nonstop mRNA metabolism, we used a genomic screen in S. cerevisiae. Here, we show that in addition to the Ski7p, Ski2p, Ski3p, Ski8p, and the exosome, there are indeed additional trans-acting factors that are required for the efficient recognition or degradation of nonstop mRNA transcripts. Additionally, we provide evidence that the proteasome degrades the translated nonstop protein, which may explain why the nonstop protein fails to accumulate.
MATERIALS AND METHODS
Plasmids: Plasmid pAV188 has been described previously ( VAN HOOF et al. 2002) . It contains a his3-nonstop reporter gene, a URA3 selectable marker and a centromere.
Plasmid pAV240 is identical to pAV188 except that it contains a LEU2 selectable marker gene instead of URA3. pAV240 was created by digesting pAV188 with Bam HI and Sac I to isolate the his3-nonstop reporter. The digested his3-nonstop reporter was cloned into the Bam HI and Sac I site of pRS415 (SIKORSKI and HIETER 1989) . Plasmid pAV184 contains a Protein A-nonstop reporter gene under control of the GAL1 promoter and with a PGK1 3'-UTR. It was created by PCR amplifying the PGK1-nonstop 3'-UTR with oligonucleotides oRP1073 (cgacgggatccggtaaggaattgccaggtgtt) and oRP1074 (ggccagtgccaagctttaacg) from the PGK1-nonstop plasmid described by Frischmeyer et al. (FRISCHMEYER et al. 2002) . The resulting PCR product was digested with Bam HI and Hind III, and cloned into the Bam HI and Hind III sites of pAV182. Plasmid pAV185 contains a Protein A (with a stop codon) reporter gene under the control of the GAL1 promoter with a PGK1 3'-UTR. It was created by the same method used to create plasmid pAV184 with the exception that wild type PGK1 3'-UTR was used for PCR amplification. The pRS416 plasmid has been previously described (SIKORSKI and HIETER 1989) . pAV182 was obtained from Rhett Michelson and Ted Weinert (University of Arizona). pAV182 is a derivative of pMOV with two Z domains of Protein A under the control of the GAL1 promoter (LYDALL and WEINERT 1997) .
Transformation and mutant screen: To identify additional trans-acting factors in nonstop mRNA metabolism, we obtained the yeast deletion collection from Open Biosystems and transformed each individual strain with pAV188. Transformation was carried out by a modified version of a previously described protocol (GIETZ and WOODS 2002) . Briefly, cells were grown on a YPD plate and transferred to a 96-well plate containing 10 µg of carrier DNA and 0.5 µg of pAV188 in a total volume of 10 µl. Next, 150 µl of PLATE solution was added (40% PEG 3350, 0.1 M LiAc, 10 mM TRIS HCl pH 8.0, 1 mM EDTA) and the plate was vortexed and incubated at room temperature (one hour to overnight). Cells were heat shocked for 15 minutes at 42°C, pelleted, resuspended in 10 µl water, spotted on SC-URA and incubated for 5 days at 30°C to select for transformants. Transformants were then replica plated onto SC-HIS and incubated for 3 days at 30°C to identify genes that suppress the his3-nonstop phenotype.
Most strains yielded URA+ transformants on the first attempt. For those strains where the first transformation failed, a second attempt to transform was made. Overall 99% of strains were successfully transformed.
Rescreen by serial dilution: Strains that suppressed the his3-nonstop phenotype were rescreened by individually retransforming these strains with the his3-nonstop reporter using a standard yeast transformation protocol. Single colonies were picked and restreaked onto SC-URA to be used for serial dilutions. diluted in 96 well plates by a factor of 5 and spotted onto SC-HIS. These plates were then incubated for 3 days at 30°C to qualitatively assay growth relative to wild type and ski7∆ mutants. These experiments were repeated in triplicate.
Confirmation that the His+ phenotype is linked to the deletion: To ensure that the suppression of his3-nonstop was indeed caused by the annotated deletion, we PCR amplified the disrupted gene from the knock out strain, using primers 500nts on either side of the ORF (primer sequences available upon request). The resulting PCR products were used to knock out the genes in BY4741. Although similar analysis on over 30 strains indicated that the right gene had indeed been deleted, we identified two strains that were mislabeled in the collection obtained from Open Biosystems. The two knockouts that were mislabeled were identified by PCR amplifying and sequencing the "molecular barcodes" included in the knock out cassettes. We also identified three cases were the his3-nonstop suppression was not recreated, presumably because the phenotype of the knock out strain was caused by an unlinked mutation. were then pelleted and resuspended in 20 mL of SC-URA (no sugar). A 2 mL sample from each strain was taken and pelleted and stored immediately on dry ice. The remaining liquid culture was incubated on a shaker at 30 o C. 2 mL of 40% Dextrose was added to each strain and 2 mL samples were taken (as above) at the 1, 2, 3, 4, 6, 8, 10, 15, 30 , and 60 minute time points. Next, RNA was isolated from each sample and northern blot analysis was performed.
Stability of Protein

Stability of ProteinA-nonstop protein:
To determine the half-life of the ProteinAnonstop protein, wild type (yAV670) and proteasome defective (pre9∆, yAV720) yeast strains transformed with pAV184 were grown to mid-log phase in media containing galactose. At this point transcription and translation were terminated by replacement with media containing 4% glucose and 100µg/ml cycloheximide, respectively. Aliquots were taken at the times indicated and total protein was isolated. Western blot analysis was performed with antibodies specific for ProteinA (Sigma) and Pgk1p (Molecular Probes). Signals were detected by chemiluminescence (Amersham), scanned using a Phosphoimager (Amersham), and quantitated using ImageQuant software.
Creation of ski7Δ pre9Δ and ipk1Δ ipk2Δ double mutant: yAV987 (ski7Δ::HygMX4) and yAV1052 (ipk1Δ::ΗygMX4) were created as previously described (GOLDSTEIN and MCCUSKER 1999) . yAV720 (pre9Δ::KanMX4) was mated with yAV987 and yAV1054 (ipk2Δ::KanMX4) was mated with yAV1052. Haploid progeny spores were obtained by the hydrophobic spore isolation method essentially as described and plated on YPD (ROCKMILL et al. 1991) . Double mutant strains were identified by replica plating on YPD+Geneticin and YPD+Hygromycin.
Creation of dcp2-7 ts double mutants: Although DCP2 is annotated as an essential gene (www.yeastgenome.org), this annotation is incorrect. This conclusion is based on our unpublished observation that the heterozygous diploid dcp2∆ strain 22958 (Open Biosystems) gives two wild type and two very slow growing dcp2∆ spores per tetrad. To introduce the dcp2-7 ts temperature sensitive allele into the same genetic background as the knock out collection, strain 22958 was transformed with pRP989 (DUNCKLEY and PARKER 2001) . The resulting URA + geneticin sensitive strain was sporulated to yield yAV747. Strain yAV747 was crossed with Y3656 (TONG et al. 2001 ) to give yAV760.
To create yeast deletions strains that also contained a temperature sensitive mutation in the decapping machinery, we mated the yeast deletion strains with strain yAV760. Haploid progeny spores were obtained by the hydrophobic spore isolation method essentially as described by Rockmill et al. and plated on CSM-Arg-UraHis+Canavanine at 23°C to select for MATa dcp2-7 ts progeny (ROCKMILL et al. 1991) .
MATa dcp2-7 ts progeny were then replica plated to YPD+geneticin to identify progeny that also contained the deletion of interest.
To determine whether the strains that we identified in our screen control exosome function, strains that were dcp2-7 ts and deleted for an ORF of interest were grown in YPD overnight at 23°C. The following day, cells were diluted to an O.D. of 0.2 and grown to an O.D. of 0.8. Cells were then serially diluted in 96 well plates by a factor of 5 and spotted onto YPD media plates and grown for 3 days at 23°C, 30°C, and 37°C. These experiments were done in triplicate.
Other methods: Western and Northern blotting were done according to standard methods. Western blots were probed with an antibody against Protein A (Sigma) or the loading control Pgk1p (molecular probes). Northern blots were probed for Protein A using oligo oAV72 (tctactttcggcgcctgagcatcattt) and for the 7S RNA subunit of the signal recognition particle using oRP100 (gtctagccgcgaggaagg).
RESULTS
A genomic screen identifies mutants that suppress a his3-nonstop mutation
Nonstop mRNA decay is not an essential process in yeast ( VAN HOOF et al. 2002) . nonessential open reading frames in S. cerevisiae was used to identify additional genes involved in the nonstop mRNA decay pathway. These strains contained null mutations in the URA3 and HIS3 genes and a complete deletion in a nonessential open reading frame.
Each strain from the collection was individually transformed with a plasmid containing a selectable URA3 gene and a his3-nonstop reporter. Transformants were selected by growth in the absence of uracil and replica plated onto media lacking histidine. Potential genes involved in nonstop mRNA decay were identified based on the ability of the mutant to grow on media lacking histidine. To eliminate false positives, we restreaked each strain on media lacking uracil and selected single colonies. These strains were placed in 96 well plates with 5-fold serial dilutions and plated onto media lacking histidine or uracil. The transformation was then repeated using a high-efficiency transformation protocol to eliminate additional false positives. This screen yielded a number of mutants that reproducibly suppressed the his3-nonstop phenotype to varying extents. Here, we concentrated on the mutants that increased his3-nonstop expression approximately as much as a ski7Δ mutant. In addition to these, we isolated several mutants that showed small increases in growth, but grew significantly slower than the ski7Δ control (data not shown).
The his3-nonstop suppression phenotype is tightly linked to the deletion
During creation and maintenance of the deletion collection, some strains may have been mislabeled, or may have accumulated unlinked mutations (e.g. (HUGHES et al. 2000) . Therefore, to ensure that the observed his3-nonstop suppression phenotype was indeed caused by the deletion, we recreated each of the newly identified mutants in the wild type strain BY4741. As controls, we included the ski3Δ, ski7Δ, and ski8Δ mutants.
Indeed, this analysis identified two strains that were mislabeled in the knock out collection and three strains where the original his3-nonstop suppression phenotype was not tightly linked to the deletion. Presumably these latter three strains from the collection contain an unlinked mutation that suppressed the his3-nonstop phenotype. However, for 15 genes that were initially identified in our screen, the his3-nonstop suppression phenotype was indeed linked to their deletion mutants ( Figure 1 and Table 2 ).
Many his3-nonstop suppressing mutations also increase the abundance of a Protein
A-nonstop mRNA
There are at least two explanations for the suppression of the his3-nonstop phenotype in the mutants that we identified. One possibility is that the phenotype is specific to the HIS3 gene. For example, any mutation that dramatically increases transcription from the HIS3 promoter could result in histidine autotrophy. A second possibility is that the phenotype that we observed may be due to a general defect in the nonstop mRNA degradation pathway. In this latter case, expression of all nonstop mRNAs in the cell would be increased in the mutant. To distinguish between these two possibilities, we analyzed the effect of the mutations on a second nonstop reporter. This
Protein A-nonstop reporter shares no sequence homology with the his3-nonstop gene.
Specifically, the his3-nonstop reporter contains the HIS3 promoter, HIS3 coding region and HIS3 3'-UTR, while the Protein A-nonstop reporter contains the GAL1 promoter, Protein A coding region and PGK1 3'-UTR. After transforming each one of our deletion mutants with the Protein A-nonstop reporter, RNA was isolated and Protein A-nonstop mRNA levels were analyzed relative to wild type and ski7∆ controls (Figure 2 ). This experiment showed that deletion of 11 out of the 15 mutants tested also increased the abundance of our Protein A-nonstop mRNA (Figure 2 and data not shown). Importantly, these data showed that suppression in these 11 strains was not specific to the his3-nonstop reporter, but was most likely due to a general defect in the nonstop mRNA decay pathway.
Mutations implicating the proteasome increase Protein A-nonstop protein, but without a corresponding increase in mRNA levels
The above analysis indicated that 4 of the deletion mutant strains increased his3- proteasome subunit in the deletion collection (EMORI et al. 1991; GIAEVER et al. 2002) .
Ump1p is a short-lived chaperone that is involved in the maturation of the proteasome (RAMOS et al. 1998) . YMR247C encodes a putative ubiquitin conjugating enzyme that copurifies with the 19S regulatory subunit of the proteasome (BRAUN et al. 2007; VERMA et al. 2000) . One possible reason that deletions in the PRE9, UMP1, and YMR247C genes suppressed the his3-nonstop phenotype, was that the protein encoded by the his3-nonstop mRNA is normally rapidly degraded by the proteasome. In this instance, suppression of the his3-nonstop phenotype would not be due to increased stability of the mRNA, but to increased stability of the protein.
To further characterize effects of the PRE9, UMP1, and YMR247C genes on protein levels encoded from nonstop reporter transcripts, we examined the levels of Protein A-nonstop protein. Interestingly, far more Protein A-nonstop protein was present in extracts made from the pre9Δ, ump1Δ and ymr247cΔ mutants compared to extracts from wild type cells (Figure 3 ). This occurred despite the relatively low nonstop mRNA levels in these mutants. Therefore, mutations affecting proteasome function most likely suppressed the his3-nonstop phenotype because they stabilize the His3-nonstop protein.
From the above analysis it is not clear entirely clear when the proteasome degrades the protein encoded by protein A-nonstop. One possibility is that the proteasome degrades the protein cotranslationally, while a second possibility is that the encoded protein is degraded after synthesis is completed. To distinguish between these two possibilities we measured the degradation rate of fully synthesized protein A encoded by a nonstop mRNA in wild type and pre9 cells. Cells were grown in the presence of galactose, and then glucose and cycloheximide were added to prevent further synthesis of protein A. Analysis of the levels of proteinA at various times after this treatment showed that decay from the steady state pool was relatively rapid in wild type cells, but approximately 3-fold slower in pre9 cells (Figure 4) . Therefore, the pre9 deletion affects the decay of protein A out of the steady state pool. We conclude that Pre9p, and presumably Ump1p and yMR247Cp, affect the post-translational degradation of the protein encoded by the protein A-nonstop reporter.
If ski7∆ suppressed the his3-nonstop phenotype by inactivating the cytoplasmic exosome and stabilizing the nonstop mRNA, and pre9∆ suppressed his3-nonstop phenotype by inactivating the proteasome and stabilizing the nonstop protein, a pre9Δ ski7Δ double mutant might exhibit an additive effect on the suppression phenotype. This was indeed the case since the ski7Δ pre9Δ double mutant grew better in the absence of histidine than either the ski7Δ or pre9Δ single mutants when all contained the his3-nonstop reporter ( Figure 5A ). We also noticed that the ski7Δ pre9Δ double mutant grew slower in the presence of histidine than either single mutant. This genetic interaction was consistent with the hypothesis that SKI7 and PRE9 genes may act in pathways that are functionally related. In addition, Northern and Western blot analysis of the ski7Δ pre9Δ double mutant showed that while Protein A-nonstop mRNA levels are not significantly increased, it accumulated more protein A-nonstop protein than either single mutant alone ( Figure 5 B and C). We conclude that ski7∆ and pre9∆ suppressed the his3-nonstop phenotype by independent mechanisms (see discussion).
Many his3-nonstop suppressing mutations decrease the rate of Protein A-nonstop mRNA decay.
While our screen was designed to isolate mutants that stabilize the his3-nonstop mRNA, other types of mutants might also suppress the his3-nonstop phenotype. For example, mutants that increase transcription from the HIS3 promoter could also result in higher levels of his3-nonstop mRNA, and thus increased growth in the absence of histidine. This latter possibility is especially relevant for three of the mutants identified in our screen that have previously been implicated in transcription, ssn2, ssn3, and med1.
These genes have been implicated in both transcriptional activation and repression of a variety of genes, suggesting that they might increase his3-nonstop expression by increasing the strength of the HIS3 promoter (FLANAGAN et al. 1991; KELLEHER et al. 1990; THOMPSON et al. 1993) . On the other hand, Ssn2p and Ssn3p interact with the CCR4/NOT complex which is the major cytoplasmic deadenylation complex, suggesting that they might have a direct role in mRNA decay (HUH et al. 2003; LIU et al. 2001; TUCKER et al. 2001 ).
We directly measured Protein A-nonstop mRNA decay rates to distinguish between increased transcription and increased mRNA stability in all mutants that did not implicate proteasome function. In this experiment, mRNA was isolated at various time points after transcription of the Protein A-nonstop reporter was repressed by the addition of glucose, and the half-life of the transcript was determined by Northern blot analysis.
These measurements were repeated 3 or 4 times and the average is plotted in Figure 6 . As expected, the decay rate of Protein A-nonstop mRNA was about 3-fold slower in ski3Δ, ski7Δ and ski8∆ strains than in wild type cells. Interestingly, the 8 other mutants isolated in our genomic screen also increased the stability of the Protein A-nonstop mRNA, although to a lesser extend than the ski deletions. The largest increase in Protein Anonstop half life (~2-fold) was observed for the deletion of yLR021w, an uncharacterized open reading frame of unknown function. These data are consistent with the hypothesis that the deletions we identified indeed increased the half-life of nonstop reporter mRNAs rather than increased transcription.
One possible explanation for the increased stability of the Protein A-nonstop reporter in the mediator mutants is that these mutants increase transcription from the nonstop reporter, and that this increased transcription saturates the nonstop mRNA decay machinery, in turn leading to an increased mRNA stability. To determine whether or not we could saturate the nonstop mRNA decay pathway, we introduced the Protein Anonstop reporter, which is expressed from the strong GAL1 promoter into a strain that also contains a his3-nonstop reporter expressed from the HIS3 promoter. As a control we used a plasmid that encodes a normal Protein A mRNA from the GAL1 promoter. The production of Protein A-nonstop mRNA did not affect the growth phenotype of his3-nonstop mutation (Figure 7) . We conclude that the nonstop mRNA decay pathway is not easily saturated. Therefore, these data indicate that the increased expression of his3-nonstop and Protein A-nonstop in mediator mutants is unlikely to result from the saturation of the nonstop mRNA decay machinery.
The accumulation of inositol 1,3,4,5,6-pentakisphosphate suppresses his3-nonstop.
One of the deletions that suppressed the phenotype of his3-nonstop was ipk1Δ.
The IPK1 gene encodes the enzyme inositol 1,3,4,5,6-pentakisphosphate 2-kinase that produces inositol 1,2,3,4,5,6-hexakisphosphate (IP6) from inositol 1,3,4,5,6-pentakisphosphate (IP5) (YORK et al. 1999) . IP6 has known roles in regulating RNA metabolism. Yeast mutants lacking IP6 accumulate poly(A)+ RNAs in the nucleus, and have defects in tRNA modification (MACBETH et al. 2005; YORK et al. 1999) . To investigate whether the role of Ipk1p in his3-nonstop suppression was related to these previously known functions of Ipk1p we analyzed other mutants lacking IP6. IP6
production is a four step metabolic pathway ( Figure 8A ) that also requires phospholipase C (Plc1p) and Ipk2p. Strikingly, plc1Δ and ipk2Δ mutations were not identified in our genomic screen, and upon direct testing had no effect on his3-nonstop expression. In contrast, all other known defects of ipk1Δ mutants are shared with ipk2Δ and plc1Δ.
Thus, the effect of ipk1Δ on his3-nonstop expression is not due to a lack of IP6.
A second possible mechanism by which ipk1Δ affects his3-nonstop expression is that the mutant accumulates of IP5, which may inhibit nonstop mRNA decay (YORK et al. 1999) . This hypothesis predicts that Ipk1p can no longer affect his3-nonstop expression if IP5 accumulation is prevented by a mutation in IPK2. A third possibility is that Ipk1p is a bifunctional protein with completely separate roles in IP6 production and his3-nonstop suppression. Under this hypothesis we predict that Ipk1p can still affect his3-nonstop expression in an ipk2 strain. To distinguish between these latter two possibilities we tested suppression of the his3-nonstop phenotype in an ipk1Δ ipk2Δ double mutant (Figure 8 ). We observed that the double mutant does not suppress the his3-nonstop phenotype. Therefore, these results suggest that the suppression phenotype that we observe in an ipk1Δ strain is a result of the accumulation of IP5 and not some second unrelated function of Ipk1p. To our knowledge, this is the first result that implicates IP5 as a regulatory molecule.
Some mutations affect nonstop mRNA decay without affecting other cytoplasmic exosome functions.
Mutations such as a ski7Δ that inactivate the cytoplasmic exosome stabilize nonstop mRNAs ( VAN HOOF et al. 2002) . Thus, at least two classes of mutants might be expected in our screen. One class would have defects in cytoplasmic exosome function (e.g. ski7Δ), while a second class of mutants might have specific defects in the recognition of nonstop mRNAs (e.g. ski7ΔC; . Mutations disrupting cytoplasmic exosome function exhibit synthetic lethality with decapping defects, while nonstop mRNA recognition mutants would not be expected to exhibit a genetic interaction with decapping defects (JACOBS ANDERSON and PARKER 1998; JOHNSON and KOLODNER 1995 ; VAN HOOF et al. 2002) . We therefore tested whether the new mutants we identified were synthetically lethal with a decapping defect.
Each of the mutants was crossed with a temperature sensitive decapping mutant (dcp2-7 ts ), and double mutants were isolated. At 37°C, the dcp2-7 ts allele inactivates the decapping enzyme, and thereby inactivates the 5'-3' mRNA degradation pathway.
Importantly, dcp2-7 ts strains are still able to grow at 37 o C, because the alternative 3'-5' decay pathway is intact and sufficient for viability. However, when the dcp2-7 ts allele is combined with a mutation inactivating the 3'-5' decay pathway, both pathways are nonfunctional at 37 o C, and therefore such a strain cannot grow at 37 o C. Thus, an inability to grow at the nonpermissive temperature (37°C) would suggest that the gene is required for general exosome-mediated decay of mRNAs. Strikingly, most of the genes that we identified in our genetic screen did not have growth defects at the nonpermissive temperature when combined with the decapping mutant (data not shown). This observation suggests that these genes are not required for general cytoplasmic exosome activity.
Although most of the genes tested did not show a synthetic lethal interaction with dcp2-7 ts , three deletions did significantly reduce growth of the dcp2-7 ts strain, and thus may disrupt the activity of the exosome (i.e. nup2Δ, htz1Δ, and ylr021wΔ). As shown in Figure 9 , at the nonpermissive temperature these cells were either synthetically sick or lethal when combined with the decapping mutation. One explanation for these findings is that their function is not limited to nonstop mRNA decay, but that they have a more general function in cytoplasmic exosome function. To more directly determine whether NUP2, HTZ1, and YLR021W genes function in exosome-mediated decay of all mRNAs, we assayed their effects on stability of the GAL7 and GAL10 mRNAs. We grew the dcp2-7 ts double mutants in YEP+Galactose to induce expression of the GAL7 and GAL10 mRNAs. We then incubated the cells at 37°C for 1 hour to inactivate the decapping enzyme and then added glucose to shut off transcription of the GAL7 and GAL10
mRNAs. Under these conditions, cytoplasmic mRNA decay is solely carried out by the exosome (JACOBS ANDERSON and PARKER 1998). As expected the GAL7 and GAL10 mRNAs were stabilized in the ski7Δ dcp2-7 double mutant, when compared to the dcp2-7 single mutant. (Figure 9B ). The nup2Δ, htz1Δ and ylr021wΔ mutants did not have this same effect, suggesting that these three genes were not required for exosome-mediated decay of the GAL7 and GAL10 mRNAs. However, the ylr021wΔ mutant appeared to have a minor defect in that the GAL7 mRNA decayed with biphasic kinetics.
Approximately half of the GAL7 mRNA decayed with normal kinetics (half life of 8 minutes), while the other half was stabilized (half life >20 minutes). While the significance of this biphasic decay is not understood, we conclude that these three genes are not required for all functions of the cytoplasmic exosome. Overall, analysis of dcp2-7 ts double mutants suggests that we have identified a number of proteins that are required for exosome-mediated decay of his3-nonstop mRNA and Protein A-nonstop mRNA, but not for all exosome-mediated mRNA decay.
DISCUSSION
The nonstop mRNA decay pathway identifies and degrades aberrant transcripts that may encode proteins with the potential to cause deleterious effects in the cell.
Therefore nonstop mRNA decay is a part of the cell's mRNA surveillance mechanisms that maintain the overall fidelity of gene expression. To better understand how nonstop mRNAs are removed from eukaryotic cells, we took a genetic approach in S. cerevisiae.
Using the yeast deletion mutant collection, we identified known and unknown nonessential genes involved in nonstop mRNA metabolism. One measure of the completeness of this screen is that we identified all four nonessential genes known to be required for nonstop mRNA decay (i.e. SKI2, SKI3, SKI7, and SKI8). Importantly, most of the newly identified genes do not appear to be required for general cytoplasmic exosome functions and suggest that nonstop mRNA metabolism is more complex than previously known, involving roles in diverse functions like proteolysis and phosphoinositide-signaling.
The one possible exception to the observation that the newly identified genes do not affect other exosome functions may be yLR021w. Unlike most of the newly identified genes, ylr021wΔ is synthetically lethal with decapping defects, and has a small effect on the degradation of GAL7 mRNA. ylr021wΔ also had the largest effect on protein A-nonstop mRNA stability, and thus may encode a regulator of the cytoplasmic exosome. The function of yLR021w is completely uncharacterized; the protein encoded by yLR021w is not similar to any protein with a known function.
Our results suggest a role for genes encoding functions for the eukaryotic proteasome in nonstop mRNA surveillance. The proteasome was implicated three times in our genetic screen, which strongly suggests that it may be involved in degrading the his3-nonstop protein.
The PRE9 gene encodes a subunit of the 20S proteasome and is the only nonessential proteasome gene (EMORI et al. 1991; GIAEVER et al. 2002) . The UMP1 gene encodes a chaperone required for 20S proteasome assembly (RAMOS et al. 1998 ).
The YMR247C ORF encodes a protein that copurifies with the proteasome, and has very recently been identified as a RING domain containing ubiquitin-conjugating enzyme (BRAUN et al. 2007; VERMA et al. 2000) . Deletions in these genes do not cause increased abundance of nonstop transcripts but instead cause increased levels of the nonstop protein product. Consistent with our conclusion that the his3-nonstop protein is normally degraded by the proteasome, Ito-Harashima et al. very recently published that addition of 8 or more lysine residues could target His3p to proteasome-mediated degradation and that this proteolysis contributes to the reduced expression of nonstop reporter genes (ITO-HARASHIMA et al. 2007 ).
In eubacteria, the signal that identifies a transcript as nonstop is thought to arise from the stalled ribosome (KEILER et al. 1996; UEDA et al. 2002) . When this occurs, an RNP composed of tmRNA and SmpB recognizes the stalled ribosome and this recognition adds a C-terminal peptide tag to the protein encoded by the nonstop mRNA (HALLIER et al. 2004; KARZAI et al. 1999; KEILER et al. 1996) . The addition of this tag Another unexpected finding in our genetic screen is identifying the IPK1 gene, which is involved in cellular signaling and nuclear transport. The IPK1 gene encodes the enzyme inositol 1,3,4,5,6-pentakisphosphate 2-kinase that produces IP6 from IP5. (YORK et al. 1999) . Analysis of other mutants in the IP6 pathway implicated IP5 as an inhibitor of his3-nonstop expression. Most importantly, when IP5 production in the ipk1Δ strain was inhibited by also deleting IPK2, the his3-nonstop suppression was reversed. To our knowledge, this is the only known role of IP5. In contrast, IP6 has been implicated in several aspects of RNA metabolism: ipk1, ipk2 and plc1 mutants accumulate polyadenylated RNA in the nucleus, and thus IP6 may have a role in nuclear export of poly(A)+ mRNAs (YORK et al. 1999) . Interestingly, exosome mutants also accumulate polyadenylated RNA in the nucleus, suggesting the possibility that both IP5 and IP6 regulated diverse exosome functions. In addition, IP6 is an important component of adenine deaminases that act on mRNA and tRNA (ADARs and ADATs, respectively) and mutants lacking IP6 have defects in tRNA modification (MACBETH et al. 2005) .
Overall, these results suggest that phosphoinositides might regulate diverse aspects of RNA processing and degradation.
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